A sensing system is proposed for quantitative measurement of large-range dynamic nanostrain based on a phasesensitive optical time domain reflectometer, where the coherent detection and I ∕Q demodulation methods are employed to demodulate both the phase and the amplitude of the Rayleigh scattering light in real time. A nanopositioning translation stage is utilized to apply precise nanostrain to fiber. By measuring phase differences between two adjacent sections, the quantitative nanostrain with a large measurement range is demonstrated; this is also a method to measure the strain parameter of refractive index. For the Panda polarization-maintaining fiber under test in the experiment, the strain parameter of phase difference is measured to be 8.714 mrad∕nϵ · m, while the strain parameter of refractive index is measured to be −0.3751ϵ −1 . As a proof of the concept, the dynamic strain sensing with a range of 10-1000 nϵ is experimentally demonstrated, and the strain resolution is 1 or 2 nϵ, corresponding to 5 or 2.5 m spatial resolution, respectively. The experimental measurement also shows a triangular wave with a 12-Hz vibrating frequency and a 100-nϵ strain amplitude as well as a 188-Hz resonant signal of the tensile section.
INTRODUCTION
Strain is an important parameter in the health monitoring of civil structures such as bridges, pipelines, and buildings. To monitor the structural health, various fiber sensors have been researched and developed, such as Brillouin optical time domain analysis (BOTDA), fiber Bragg gratings, and optical frequency domain reflectometers (OFDRs) [1] [2] [3] . However, their sensitivity of strain measurement is normally on the order of μϵ, which makes it hard to satisfy the demands of special circumstances, such as crustal deformation measurement [4] .
Recently, the phase-sensitive optical time domain reflectometer (Φ-OTDR) has attracted considerable interest due to its highly sensitivity to external perturbations. The principle of Φ-OTDR is based on interference between Rayleigh scattering light from different scattering centers along the fiber within a pulse width [5] . The relative phase change of Rayleigh scattering light is highly sensitive to external perturbations such as vibration, temperature, and strain, which can change the length of the sensing fiber and the effective refractive index at a certain position. A localized phase change can be induced by this, which can finally result in a change of Rayleigh scattering time domain traces. Therefore, a peak appears in the difference trace when subtracting the Φ-OTDR trace from a stable-state one where the position of the peak is the very location of the external perturbation. Several techniques have recently been researched to improve the performance of intrusion detection systems. All-polarization-maintaining configurations of Φ-OTDR were presented for vibration sensing to mitigate polarizationinduced signal fading and noise and improve the spatial resolution [6] . Zhu et al. demonstrated a vibration sensing system merging a Mach-Zehnder interferometer and Φ-OTDR, of which the maximum frequency response can reach 3 MHz [7] , and the authors also used a two-dimensional edge detection method to enhance the signal-to-noise ratio (SNR) and spatial resolution of Φ-OTDR [8] . Wang et al. proposed to extend the sensing range to 175 km by using the combination of Raman amplification and Brillouin amplification [9] . However, due to the randomness of the coherent superposition for the Rayleigh scattering light, it is hard to find the quantitative relations between external perturbation and the change of the Rayleigh scattering time domain trace [10] . Therefore, Φ-OTDR has difficulty measuring strain and temperature quantitatively, so that it is generally utilized as an intrusion detection method.
In essence, the phase change is the most direct reflection of external perturbations. In order to achieve quantitative measurement, it is necessary to research the phase change in detail. Wang et al. presented a vibration sensing system based on phase extraction from time-gated digital OFDR to achieve quantitative vibration measurement [11] . Tu et al. demodulated phase by utilizing heterodyne detection and I ∕Q demodulation based on vector BOTDA [12] . In recent years, some research groups have also proposed some methods to research the phase change in Φ-OTDR. Koyamada et al. first proposed to measure the strain and temperature by comparing the time domain trace change of Φ-OTDR with a resolution of 0.01°C [13] , and they demonstrated it in experiment by shifting the laser frequency to compensate the phase change due to the change of strain and temperature [14] . Because of the process of sweeping frequency, it costs a lot of time during one measurement, which limits this method to be applied to the measurement of static strain. In order to break this limitation, several techniques have been proposed, such as using 3 × 3 coupler demodulation [15, 16] , phase generated carrier algorithm [17] , digital coherent detection [18] , and I ∕Q demodulation and homodyne detection [19] . Tu et al. developed the Φ-OTDR system for quantitative vibration measurement for the first time, but the range and precision of measurement remain to be improved [20] . All of those methods get a good result of phase demodulation and achieve dynamic strain sensing. However, they usually used piezoelectric ceramic transducer (PZT) to apply strain, and the precision of measurement was restricted; thus the relation between phase difference and strain has no precise quantitative research, and the range of measured strain is too small.
In this paper, we demonstrate the quantitative measurement of nanostrain distributed sensing with a large strain measurement range based on Φ-OTDR by utilizing coherent detection and I ∕Q demodulation. Both the phase and the amplitude of the Rayleigh scattering light can be demodulated in real time. The nanopositioning translation stage is utilized to apply nanostrain to fiber, which can supply more precise strain than PZT. The phase difference between two adjacent sections is utilized to measure nanostrain quantitatively, and the strain sensitivity of our system is measured to be 8.714 mrad∕nϵ · m, while the strain parameter of refractive index C ϵ is measured to be −0.3751ϵ −1 . The experimental setup and measurement principle are illustrated in subsequent sections, and the performance of our sensing system is experimentally demonstrated.
PRINCIPLE
In the Φ-OTDR system, light pulses with narrow linewidth are injected into the sensing fiber, and the Rayleigh backscattering light reflected from numbers of scattering centers forms the signal light, which is a plot of optical power versus time. The coherent detection can be seen as the signal light beat with the local light. The signal and local light can be expressed as [21] E S t A S t cos θ S exp j2πν Δf t φt φ 1 ; (1)
where A S t and A LO are the amplitude of the signal light and local light, θ S and θ LO represent the polarization direction, ν is the frequency of quasi-monochromatic light, and Δf is the frequency shift of the signal light, which is usually generated by an acousto-optic modulator (AOM). φt is the phase change terms of signal light, and φ 1 and φ 2 are the initial phase of the signal light and local light, respectively. The Rayleigh backscattered signal light will be mixed with the local light by a 3 dB coupler. Then the mixed signal is launched to a balanced detector, and the AC component can be obtained by using heterodyne detection. The detected current is proportional to the optical power,
From Eq. (3), we can see that the detected current contains the phase and the amplitude of the Rayleigh scattering light, and we can control the local light power to enhance the detected current. Besides, for the purpose of obtaining the most powerful signal, it is necessary to ensure that the signal light and local light have the same polarization direction. The detected current can be rewritten as I S t cos2πΔf t φt, and essentially it is a signal with phase modulation and amplitude modulation. Then we demodulate the phase φt and the amplitude I S t by using I ∕Q demodulation. Figure 1 shows the fundamental principles of I ∕Q demodulation [12, 19] . The heterodyne signal we detected is I S t cos2πΔf t φt, and the local signal can be described as I LO sin2πΔf t, where I LO is the amplitude of the local signal. Before mixing with the heterodyne signal, the local signal should be split into two parts; one part is applied with π∕2 phase shift, and another one keeps the initial phase. Then the two outputs of the hybrid can be obtained as I S tI LO cos2πΔf t φt sin2πΔf t; (4)
According to the product to sum formula, we can get
Each of the two outputs of the hybrid is then low pass filtered to remove the high frequency component by low pass filters (LPFs), generating the in-phase component It and quadrature component Qt, which can be expressed as 
Then the amplitude and phase of the Rayleigh scattering light can be expressed as
φt arctanI t∕Qt mπ:
Here, mπ is used to unwrap the arctan function, where m is an integer number, so that the range of the demodulated phase changes from negative infinite to positive infinite [20] . In order to measure nanostrain quantitatively, it is necessary to confirm the quantitative relationship between strain and phase change. φt is the phase change resulting from the refraction index variation along the fiber, which can be expressed by φ i 4πnz i ∕λ, where n is the refractive index of the fiber and z i is the location along the fiber. The phase difference between two certain positions is given by
From Eq. (12), we can easily know that φ ij would be a constant value if there are no external perturbations. When the strain is applied to the fiber, n and z ij will change, which induces the change of φ ij . By inducing the differential algorithm, we can get Δφ ij 4π λ n · Δz ij Δn · z ij , of which Δz ij z ij · Δϵ and Δn C ϵ · Δϵ, where C ϵ is the strain parameter of refractive index and Δϵ represents the amount of strain applied to the fiber. We rewrite the equation as
According to Eq. (13), the phase difference Δφ ij is proportional to the strain Δϵ, so that the linear relationship between them makes it possible to measure strain quantitatively. The larger the interval, the greater the strain sensitivity of phase difference. However, the interval between z i and z j can actually limit the spatial resolution at the same time. To balance these two restrictions, the strain sensitivity of the system can be defined as
Here, one thing that should be pointed out is that the refractive index of the fiber is about 1.46, while the strain parameter of refractive index C ϵ differs from −0.16 to −0.63ϵ −1 for different kinds of fiber [22] [23] [24] . Therefore, the change of length of fiber due to strain plays a major role in the phase difference. Moreover, the strain parameter of the refractive index of the fiber we used can be calculated by Eq. (14).
EXPERIMENT AND RESULTS
The schematic diagram of the experimental setup is shown in Fig. 2 . The laser source comes from a semiconductor laser with a narrow linewidth of 3 kHz. The output wavelength is 1550.06 nm, and the optical output power is 20 mW. The output of the laser is divided into two parts by a 90∶10 coupler, forming a signal and a local reference light. The signal light part is pulsed by an AOM with a pulse width of 20 ns and a repetition rate of 10 kHz. In addition, a frequency shift of 200 MHz to the signal light is introduced by the AOM. First, the signal pulse is amplified by an Er 3 -doped fiber amplifier (EDFA), and then it is injected into the sensing fiber with length of 200 m through a circulator. A nanopositioning translation stage (PI, P-620.1CD) with a resolution of 0.2 nm is employed to apply a variable and precise strain to the fiber. In single mode fiber, the polarization state of Rayleigh scattering light can be easily disturbed by external factors, so a Panda polarization maintaining fiber (PMF) is used here to maintain the polarization state and subsequently avoid the polarization fading. The polarization controller (PC) and the polarization beamsplitter (PBS) are used here to adjust the polarization to guarantee the Rayleigh scattering light only transmits in one axis of the PMF. Then the Rayleigh scattering light is combined with the local reference light. The AC component of the beat signal is detected by a balanced detector. The electrical signal is recorded by an oscilloscope with 5 GSa/s sampling rate. The phase of Rayleigh scattering light can be obtained by using I ∕Q demodulation, and the process of their demodulation is completed in a computer. Due to the high sensitivity to external vibration of Φ-OTDR, the experiment is conducted on the first floor at night to avoid the interference of the external environment. Figure 3 shows the typical results of the demodulated amplitude and phase of the Rayleigh scattering light near the tensile region by using I ∕Q demodulation. From Fig. 3(a) , the Rayleigh scattering traces show a jagged appearance, and the variation of the Rayleigh scattering traces start from 153 to 163 m, which conforms to the tensile region in our experiment. While out of the tensile region, the Rayleigh scattering traces overlap with each other completely. Subtracting the amplitude trace from the trace without stretching will show the amplitude variation at the tensile region more clearly, as illustrated in Fig. 3(c) , so that the tensile region can be located precisely. Figure 3(b) shows the change of phase along the sensing fiber. At the beginning of the sensing fiber, the phase traces overlap with each other, then they separate from each other from the start of tensile region, and the difference of phase increases linearly along with the sensing fiber until they are out of the tensile region, which is shown in Fig. 3(d) . Consequently, the strain can be obtained by measuring the phase difference along with the sensing fiber. For phase demodulation, there are some issues that should be considered. The phase of the Rayleigh scattering trace accumulates increasingly along the fiber; so do the relative errors including demodulation errors, frequency instability, and phase noise of the laser. For instance, as is shown in Fig. 3(d) , some vibration exists in the linearly increasing section of phase due to the demodulation errors. In our experiment, we try to eliminate these errors by subtracting the phases of two certain positions and the moving average. Intervals of 2.5 and 5 m are used in our experiment and compared with each other. The nanopositioning translation stage is employed to apply various strains to the fiber. One end of the tensile region is immobilized, and the other end is pulled by the nanopositioning translation stage controlled by computer. For stepping mode, the nanopositioning translation stage moves step by step. The step-hold time is 35 ms, and the amount of strain can be controlled. For example, if the step is set to 100 nm, the length of the tensile region in our experiment is 10 m, so that the strain step can be 10 nϵ. Figure 4 shows the phase demodulation results of various strain steps in different intervals. By subtracting the phases of two certain positions and the moving average, the noise is suppressed very well, and the minimum fluctuation that can be distinguished is 0.045 rad in 5-m interval and 0.047 rad in 2.5-m intervals as shown in Fig. 4(a) . A stair-stepping pattern is shown in the results due to the nanopositioning translation stage working in a step-by-step model. The relative altitude of the stairs represents the amount of phase difference induced by strain. With the increasing strain, the amount of phase difference increases as well. The rise time is 10 ms, which represents the response time of closed-loop control. Under the same strain, the amount of phase difference of the 2.5-m interval is about half of the 5-m interval, which conforms to the theoretical analysis. The step-hold time is about 35 ms, corresponding to the step-hold time of the nanopositioning translation stage. Furthermore, it should be noted that a sine-wave oscillation exists on the stepped surface. That is because the fiber keeps vibrating after pulling the fiber, and the frequency of this vibration is equal to the resonant frequency of this tensile section. In addition, we can find that with the increasing of strain, the intensity of this vibration increases as well, which may induce more errors of measurement when measuring the relative altitude of stairs.
Based on the above phase demodulation of various strain steps, the phase difference with a strain range of 10-1000 nϵ is measured, which is shown in Fig. 5 . The dots represent the measured data, while the red and green solid lines represent the fitting results with intervals of 5 and 2.5 m, respectively. The phase difference is linear to strain, the slope of the red fitting line is 0.04357 rad/nϵ, and R-square is 0.998 when the interval is 5 m, corresponding to 5 m spatial resolution. The spatial resolution can be up to 2.5 m, when the interval is 2.5 m, while the slope of the green fitting line is 0.02202 rad/nϵ and R-square is 0.996. Thus it can be seen that the spatial resolution and strain sensitivity of phase difference restrict each other. In practice, we can choose the most appropriate interval to demodulate the phase according to different demands. Due to the better fitting result, the slope of the red fitting line is used to calculate the strain sensitivity of the system by Eq. (14), which can be calculated to be 8.714 mrad∕nϵ · m. The strain parameter of refractive index C ϵ can also be calculated to be −0.3751ϵ −1 . In addition, the linear fit is not so good when under large strain; that is because the vibration gives rise to measuring errors, and with the increasing strain, the intensity of this vibration increases as well, so that more measuring errors can be induced, which has been illustrated in Fig. 4 . As is shown in Fig. 4(a) , the sine-wave oscillation can be measured clearly, of which the minimum fluctuations that can be distinguished are 0.045 rad in 5-m intervals and 0.047 rad in 2.5-m intervals. According to the strain sensitivity of phase difference we have measured, the strain resolution of our system can reach to 1 nϵ at intervals of 5 m, and 2 nϵ at intervals of 2.5 m.
On the strength of the above quantitative relationship between phase difference and strain, the nanopositioning translation stage scanning with triangular wave is controlled to test the dynamic performance of our system. For scan mode, the nanopositioning translation stage moves continuously with a limited scan speed. For example, if the scan range of the stage is 0-1000 nm, the length of the tensile region is 10 m, so that the scan range of strain can be 0-100 nϵ. The cycle of the scan is 83 ms, so that the frequency is 12 Hz. The strain can be obtained in real time according to the quantitative relationship we have measured as shown in Fig. 6 , of which the strain range is 0-100 nϵ and the frequency is 12 Hz. The jags in the strain trace are due to the vibration of fiber induced by the nanopositioning translation stage. In theory, the frequency response depends on the repetition rate of laser pulses in the experiment, which is 10 kHz. According to the Nyquist criteria, the maximum response frequency of the system is 5 kHz. However, limited to the scanning speed, the frequency of the triangular wave cannot be too high, so that it is not proper to evaluate the dynamic performance of the system by using the measured result in Fig. 6 .
According to the results in Fig. 4 , our system can still respond to the vibration caused by stretch. The vibration section of Fig. 4(b) is taken out to further analyze, which is shown in Fig. 7 . Figure 7(a) is the resonant signal in the time domain, where we can see that the resonant signal is in the form of a sine wave, and the range of strain is only from −5 to 5 nϵ. The frequency of the resonant signal reaches 188 Hz, which is shown in Fig. 7(b) . It is proved that our system has the ability of responding to rapid nanostrain in real time. Due to the tiny nanostrain range (−5 to 5 nϵ) and some external noise introduced by frequency instability and phase noise of the laser, some frequency noise can exist in the measured results, as is shown in Fig. 7(b) .
CONCLUSION
In summary, we present a nanostrain sensing system by introducing an efficient phase and amplitude demodulation scheme in Φ-OTDR. A nanopositioning translation stage is utilized to apply precise nanostrain to fiber. The quantitative relationship between phase variation and strain is theoretically analyzed and experimentally proved. A nanostrain sensing system with a large strain sensing range of 10-1000 nϵ and a strain resolution of 1 or 2 nϵ corresponding to a spatial resolution of 5 or 2.5 m, respectively, is demonstrated. The strain sensitivity of the system is measured to be 8.714 mrad∕nϵ · m, and the strain parameter of the refractive index of the sensing fiber is also measured to be −0.3751ϵ −1 . The dynamic strain sensing is experimentally demonstrated; the measured frequency response of our system can reach 188 Hz. This sensing system has potential in quantitative measurements of large-range dynamic nanostrain. 
